The objectives of this study were to examine the effects of feeding zinc-treated soybean meal (Zn-SBM) on ruminal fermentation patterns and duodenal AA flows in steers fed diets based on corn silage and corn. Six steers (385 kg) fitted with ruminal, duodenal, and ileal cannulas were used in a replicated 3 x 3 Latin square design experiment with 14-d periods. Diets were supplemented with solventextracted soybean meal (SBM), Zn-SBM, or a 50:50 combination ( C P basis) of SBM:Zn-SBM. Ruminal escape N content of SBM and Zn-SBM were 30.0 and 57.0%, respectively, based on 12-h Dacron bag incubation. Protein sources provided approximately 30% of total CP in diets containing 12.6% CP (DM basis). Dry matter intake was equalized throughout the study a t 2.2% of average initial BW. Total N flow a t the duodenum was similar ( P = .47) among treatments, but a trend ( P = .15) for increased nonmicrobial N flow occurred when SBM and Zn-SBM were fed in combination. Microbial N flow and true efficiency of microbial CP synthesis were not affected by treatment ( P = 3 7 and .37, respectively). Ruminal fermentation characteristics generally were unaffected ( P > . l o ) by protein source. A positive quadratic response ( P < .06) was observed for total and essential AA flows to the small intestine because flows of total and essential AA from ruminally undegraded dietary protein tended ( P = .12) to increase when SBM and Zn-SBM were fed in combination. Absorption of AA from the small intestine also showed a positive quadratic ( P < .06) response for SBM:Zn-SBM. Microbial AA flow to the small intestine was similar ( P = .87) among treatments. Although estimated ruminal escape N content of Zn-SBM was twice that of solvent-extracted SBM, supplementing diets with Zn-SBM or with SBM alone resulted in similar flows of N and AA to the small intestine. However, feeding ruminally degradable and undegradable SBM in combination improved the flow of absorbable AA to the small intestine compared with feeding either protein source alone.
Introduction
demonstrated that treating soybean meal (SBM) with Zn salts at 1 to 2% of feed DM reduced in vitro degradation of SBMprotein and improved efficiency of N utilization by calves fed diets supplemented with Zn-treated SBM compared with solvent-extracted SBM. Other researchers observed similar improvements in calf growth (Karr et al., 1 9 9 1~) or milk production (Zimmerman et al., 1992) when diets contained Zntreated SBM ( Zn-SBM) compared with solventextracted SBM. The mechanism by which heavy metal salts can precipitate soluble proteins is well known (Haurowitz, 1950) and recent studies substantiate increased flow of feed AA in lambs (Karr et al., 1991b) and steers (Froetschel et al., 1990 ) fed diets containing Zn-treated SBM or high concentrations of ZnS04. Karr et al. (1991a) suggested that Zn salts may inactivate proteolytic enzymes of selected ruminal bacteria, thus reducing ruminal proteolysis of dietary protein. To define these effects further, we conducted a study to examine ruminal protein degradation and flow of microbial and feed AA to the small intestine of steers fed corn silagelcorn-based diets supplemented with Zn-treated or solvent-extracted SBM.
CECAVA Experimental Procedures

Animals and Diets
Six Holstein steers (379 -t 9.5 kg; 15 mo old) fitted with permanent cannulas in the rumen, proximal duodenum, and terminal ileum were used in a replicated 3 x 3 Latin square design experiment. Procedures for surgical preparation of animals were approved by the Purdue Animal Care and Use Committee. Steers were housed in individual pens (1.5 m x 2.5 m ) in a continuously lighted, temperature-controlled room ( 2 0°C ) during the experiment. Water and a trace mineralized salt block were available at all times. Diets were based on corn silage and high-moisture corn (Table 1) . Supplemental protein sources supplied approximately 30% of diet CP (12.6% CP diets) and consisted of SBM, Zn-SBM, or a combination of SBM and Zn-SBM ( SBM:Zn-SBM; 50: 50 on a CP basis). The Zn-treated SBM was prepared by Central Soya (Decatur, I N ) and was delivered in a single batch for use in this experiment. Ruminal escape N contents of SBM and Zn-SBM were calculated to be 30.0 and 57.0%, respectively, of total N based on ruminal Dacron bag incubation of proteins for 12 h in two steers receiving the SBM:Zn-SBM diet during Period 3. The procedures for Dacron bag incubation were those outlined by Nocek (1988) . Urea was included in all diets at 50% of diet DM as a source of ruminally available N. The Zn content of Zn-SBM was measured by atomic absorption spectrophotometry, and ZnO was added t o the SBM and SBM:Zn-SBM to equalize Zn concentrations among diets. Later analysis showed that the Zn concentration of the SBM-supplemented diet was approximately 32% greater than that of the Zn-SBM diet (225 vs 170 Diets were mixed daily and rations were fed in two equal allotments at 0500 and 1700. Steers were limitfed during the study at DMI equal to 2.2% of average initial BW. These intakes corresponded to approximately 85 to 90% of ad libitum feed consumption recorded during a pre-experimental period. Chromic oxide (15 gld) was used as an indigestible marker of digesta flow and was mixed in the diet daily.
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Sample Collection and Analyses
Each experimental period was 14 d with 10 d for adjustment and 4 d for collection of digesta. Feed components of the total mixed diet were collected on d 9 to 14 of each period. On d 11 to 14, fecal grab samples (250 g ) were collected at 8-h intervals and frozen. Feces later were oven-dried a t 55°C for 96 h and ground (1-mm screen). Duodenal (300 mL) and ileal (250 mL) digesta were collected at 4-h intervals with sample times advanced 1 h each day of the collection period to give one sample for every 1-h interval in a 24-h period. Digesta were composited ET AL. by steer and frozen. Digesta were thawed later, homogenized using a propeller-type mixer, and subsampled. The subsample (approximately 1 L ) was lyophilized and ground (1-mm screen). Whole ruminal contents (approximately 500 mL) were collected using a core sampler (Firkins et al., 1984) once daily on d 11 to 14 at times corresponding to 3, 6, 9, and 12 h after feeding. Contents were collected from at least four different sites in the rumen (cranial, caudal, medial, and lateral to the ruminal cannula). At each collection, contents were homogenized in a Waring blender (Waring Products, New Hartford, CT) with an equal volume of saline (20OC) for 1 min and strained through eight layers of cheesecloth. Contents were homogenized in an attempt to dislodge particle-associated bacteria, but the efficacy of bacterial displacement from particles was not measured. Five hundred milliliters of fluid was collected and frozen separately for each steer in each period; fluid later was thawed and a microbial fraction was isolated by differential centrifugation (Merchen and Satter, 1983 ).
On d 14, ruminal contents (approximately 500 mL) were collected using the core sampler at 3, 5, 9, and 12 h after the morning feeding. Contents were squeezed through four layers of cheesecloth and pH of fluid was measured immediately (Orion Model 520 A pH meter; Orion Research, Boston, MA). Ten milliliters of fluid was acidified with 1 mL of 6 N HCl and frozen; samples later were thawed and centrifuged at 25,000 x g for 20 min. The supernatant was analyzed for NH3N (Chaney and Marbach, 1962) and VFA (Wachenheim and Patterson, 1992) .
Feeds, duodenal and ileal digesta, feces, and ruminal microbes were analyzed for DM, OM, and N (AOAC, 1984) and, except for bacteria, NDF (Robertson and Van Soest, 1977) and ADF (AOAC, 1984) .
For amino acid (AA) analysis, approximately 150 mg of SBM, Zn-SBM, duodenal and ileal digesta, and six samples of isolated ruminal microbes (two samples per treatment) were hydrolyzed in 15 mL of 6 N HC1 (99.999%; Aldrich Chemical, Milwaukee, WI) for 24 h at 105°C. To minimize oxidation of sulfur AA, phenol and dithiodipropionic acid were added to each tube before hydrolysis (Barkholt and Jensen, 1989) . Acid was added while tubes were in an anaerobic chamber and tubes were capped tightly before being placed in the oven for hydrolysis. Amino acid composition of hydrolyzates was determined using a Beckman AA analyzer (Model 7300, Beckman Instruments, Palo Alto, CAI.
Chromium contents of duodenal and ileal digesta and feces were measured (Williams et al., 1962) and flow of nutrients at sites in the gastrointestinal tract were calculated by reference to Cr and nutrient concentrations (gramslgram of DM 1 at respective sites. Purine contents of duodenal digesta and ruminal microbes was measured according to the method of Ushida et al. (1985) . Because protein source did not affect ( P > . l o ) the composition of isolated microbes, an average microbial N:purine N ratio of 1.0 was used to calculate the proportion of duodenal N of microbial origin. Total microbial N flow (gramdday) was estimated by dividing 1.0 by the N:purine ratio of duodenal digesta measured for each steer in each period and multiplying this proportion by total duodenal N flow. The remaining N was assumed to contain undegraded N of feed origin and endogenous N. Microbial OM flow at the duodenum was calculated by dividing microbial N flow by the N content (OM basis) of harvested microbes. Microbial AA flow was calculated by multiplying microbial OM flow by the average AA content (grams of M g r a m of OM) of isolated ruminal microbes. Average AA composition of ruminal microbes is presented in Table 2 .
Statistical Analyses
Data were analyzed using the GLM procedures of SAS (1986) for a replicated Latin square design. No square or square x treatment effects were noted ( P > .lo), therefore, data were pooled and model sums of squares were separated into effects of steer, period, and treatment. Sums of squares for treatment were separated further into single df orthogonal comparisons t o examine linear and quadratic effects of protein source. Treatment effects were considered significant a t P < .lo. Ruminal data collected at various times after feeding were analyzed as a repeated measures design. No treatment x time interactions were detected ( P > . l o ) , therefore, measurements were averaged across time and treatment effects were compared using contrasts described above.
Results and Discussion
The composition of SBM, Zn-SBM, and ruminal microbes is shown in Table 2 . Zinc treatment did not affect the quantity or profile of AA (grams of M 1 0 0 grams of AA) in SBM-protein. However, ruminal N escape, estimated by 12-h ruminal incubation, was 90%' greater for Zn-SBM than for solvent-extracted SBM. Zimmerman et al. (1992) reported ruminal undegradable N content for Zn-SBM of 46% using ficin techniques (Poos-Floyd et al., 19851, whereas Karr et al. (1991b) calculated that 70% of N in Zn-SBM escaped ruminal degradation in cannulated sheep. Differences in estimated ruminal N degradability for Zn-SBM are more likely due t o differences in techniques used to measure degradability rather than variation in the treatment process per se. In general, our data and previous results indicate that treatment of SBM with Zn salts is efficacious as a method for enhancing ruminal escape of SBM-N. Composition of nitrogenous compounds in ruminal microbes shown in Table 2 is similar to that reported by Storm and 0rskov (1983) and Clark et al. (1992) . In agreement with previous research (Purser, 1970; Keery et al., 1993) , source of supplemental protein did not affect the AA composition of isolated ruminal microbes (data not shown). Apparent OM digestion (gramdday) in the stomach tended ( P = .12) to decrease quadratically as Zn-SBM replaced SBM (Table 3) . Supplementing diets with the combination of SBM and Zn-SBM resulted in a 13.8% decrease in apparent OM digestion compared with diets supplemented with SBM alone. Digestion of aData are average values for ruminal fluid samples taken at 3, 6, 9, and 12 h after feeding. bZn-SBM = Zn-treated SBM; SBM/Zn-SBM = .50 SBM:.5O Zn-SBM on a CP basis. by a n average of 21% for SBM:Zn-SBM and Zn-SBM compared with SBM (nonsignificant; P = .38) and consequently total tract OM digestibility was similar among treatments.
No treatment x time interactions were detected (, P > . l o ) for ruminal criteria measured, so treatment means for main effects averaged over time are presented in Table 4 . Ruminal pH (average = 6.53 k .02) and total VFA concentrations (average = 100.3 k 5.44 mM) were unaffected by treatment ( P > .lo). Ruminal NH3 N concentrations were similar ( P = .6 7 )
among treatments and averaged 5.0 k .55 mgIdL.
Though not shown, NH3 N concentrations dropped to < 3.0 mg/dL for all treatments at 6 h after feeding and remained low until the subsequent feeding. Consequently, NH3 N concentrations may have been less than optimal for fermentation of OM and particularly for fermentation of structural carbohydrates (Hoover, 1986) . This especially may have been true for SBM: Zn-SBM and Zn-SBM diets, for which decreased ruminal fiber digestion occurred. However, because NH3 N concentrations were low among all treatments, it may be speculated that concentrations of other products from ruminal proteolysis that affect OM and fiber digestion, such as branched-chain VFA, AA, or peptides, may have been affected by source of supplemental protein. Molar proportions of branchedchain VFA and valerate were not affected by treatment ( P > . l o ) and actual concentrations (millimol a r ) were similar or numerically increased as Zn-SBM replaced SBM (data not shown). Ruminal concentrations of AA and peptides were not measured, but other work substantiates their importance for optimal microbial growth and substrate fermentation (Argyle and Baldwin, 1989; Cecava et al., 1991; Cotta and Russell, 1982) . Hence, ruminal OM and fiber digestion may have been affected by these factors, but the magnitude of the effect was small and no effects of protein source were noted for efficiency of microbial protein synthesis and flow to the small intestine (Table 5) . Total N flow to the duodenum was similar ( P = .47) among treatments and averaged 101% of N intake. (NRC, 1985) for ruminal nitrogen escape of basal feed ingredients and in situ degradability of SBM and Zn-SBM after 12-h incubation vs calculated UIP content of diets based on flow of nonmicrobial and endogenous nitrogen at the duodenum of cannulated steers. 50 SBM:50 Zn-SBM corresponds to a 50:50 combination of protein sources on a nitrogen basis.
Microbial N flow also was unaffected ( P = .87) by treatment and averaged 62.2% of total duodenal N. When SBM and Zn-SBM were fed in combination, nonmicrobial N flow at the duodenum tended to increase quadratically, whether data were expressed as grams of nonmicrobial Nlday ( P = .15) or as a percentage of N intake ( P = .16). Ruminal escape N contents of diets were estimated using tabular values for ruminal escape of N in corn silage and corn (NRC, 1985) and N escape values were calculated using 12-h Dacron bag incubation for SBM and Zn-SBM. Estimated ruminal escape N contents of diets were compared with measured flows of nonmicrobial N, as a percentage of N intake, and the results are shown in Figure 1 . Measured flow of nonmicrobial N was approximately 24% greater than predicted for SBM, whereas measured flows were 12% less than predicted when the diet contained only Zn-SBM as supplemental protein. These comparisons show the potential for disparity between predicted and measured ruminal Table 6 . Duodenal flows of amino acids escape N content of diets, as discussed by Broderick and Merchen ( 1992) . Unfortunately, attempts to assess ruminally undegradable N content of feeds suffer from imprecision for all techniques currently used and nonstandardized procedures for assays, even within a particular technique.
Apparent N digestibility in the small intestine and hindgut were not affected by protein source, although hindgut digestibility was numerically greater ( P = .33) when supplemental protein was provided by SBM alone compared with other treatments. Total tract N digestibility decreased linearly ( P < .06) as Zn-SBM replaced SBM. However, total AA flow to and disappearance from the small intestine increased or were numerically greater for SBM:Zn-SBM and Zn-SBM than for SBM. This observation supports the concept that total tract N digestibility is a poor indicator of protein availability in ruminant diets except for heatdamaged or overprocessed proteins (Santos et al., 1984) . aZn-SBM = Zn-treated SBM; SBWZn-SBM = .50 SBM:.50 Zn-SBM on a CP basis. bQuadratic response ( P < ,061. CQuadratic response !P < .08). dEAA = essential amino acids (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Val). eNEAA = nonessential amino acids (Ala, Asp, Cys, Glu, Gly, Pro, Ser, Tyr). fCalculated as total AA flow-bacterial AA flow at duodenum.
ZINC-TREATED SBM AND
Efficiency of microbial protein synthesis was not affected by treatment, whether expressed on an apparent ( P = .34) or true ( P = .37) basis. Researchers at the Kentucky Experiment Station (Karr et al., 1991b) reported that efficiency of microbial protein synthesis was similar for lambs fed moderate energy diets supplemented with SBM or Zn-SBM. However, in their study, microbial N and AA flows to the abomasum tended to decrease when diets contained Zn-SBM. We did not observe these effects. In our study, supplemental protein provided approximately 30% of total diet CP, whereas in the work of Karr et al. (1991b) supplemental proteins supplied 50% of CP intake. Clark et al. (1992) noted that, for a variety of protein sources commonly fed to ruminants, changes in the quantity and composition of postruminal N flow are generally not observed when supplemental protein provides < 35% of total diet CP. For production-type diets based on corn silage and corn commonly fed to growing ruminants, supplemental protein seldom supplies more than one-third of total diet CP.
Total AA and total essential AA flows to and disappearances from the small intestine exhibited a positive quadratic response ( P < .06) when SBM and Zn-SBM were fed in combination (Tables 6 and 7 .9%. The similarity in flows of microbial and nonmicrobial AA among treatments noted for this study is in contrast to reports by Froetschel et al. (1990) and Karr et al. (1991b) , which demonstrated lower microbial AA flows in cattle fed high levels of Zn salt or in sheep fed Zn-treated compared with solventextracted SBM, respectively. Froetschel et al. (1990) reported that feeding 1,142 ppm of Zn reduced microbial AA flows to the small intestine of steers fed diets based on wheat silage and corn. However, ruminal fermentation of OM, ruminal NH3 N concentrations, and protozoal populations were unaffected by dietary Zn. The concentrations of soluble Zn in ruminal fluid averaged 3.5 and 4.8 m g L when steers were fed Zn-supplemented diets either once or 12 times daily, respectively. Based on Zn intake and ruminal dilution rates, these researchers calculated that ruminal fluid concentrations of soluble Zn should Karr et al. (1991a) also showed that Zn salts inhibited in vitro growth of selected strains of ruminal bacteria at Zn concentrations between 10 and 80 ppm. These researchers suggested that the degree of inhibition was related to the type of proteolytic enzyme produced; bacteria that had thiol protease enzyme mechanisms for proteolysis were most sensitive to Zn. It should be noted that, for our study, the diets contained only 170 to 225 ppm of Zn, and the concentrations of Zn in ruminal fluid were not measured. Furthermore, we were unable to detect an increase in flow of dietary AA to the small intestine when Zn-SBM was the sole source of supplemental CP. This may have been due to the lower concentrations of Zn fed in this study than that in previously cited studies. Also, the addition of ZnO to the diets, especially the SBM-supplemented diet, may have enhanced ruminal escape of feed protein. This may partly explain the differences in predicted and measured ruminal undegradable protein content of diets shown in Figure 1 . However, ZnO is not as efficacious as Zn salts (i.e., ZnS04, ZnCl2) for enhancing the ruminal escape N content of feed proteins ( W . G.
Schmutz, personal communication).
Implications
Feeding a combination of ruminally degradable and undegradable soybean meal as supplemental protein in diets based on corn silage and corn increased the supply of amino acids to the small intestine compared with feeding protein sources alone. Treatment of soybean meal with zinc salts can increase the proportion of soybean meal protein that escapes ruminal degradation, but when treated material is used in digestion and flow studies this effect may be difficult to detect unless supplemental protein supplies a large proportion of total protein intake.
